Factors regulating the expression of the angiotensin I1 subtype 1 (AT,) receptor during fetal life have not been investigated previously. The present study was designed 1) to characterize the ontogeny of AT, receptor gene expression in the kidney of fetal and newborn sheep and 2) to determine the influence of both glucocorticoids and renal nerves in modulating AT, gene expression during fetal life and during the transition from fetal to newborn life. We first isolated and cloned a PCR product that has 98 and 94% homology with the cDNA encoding the bovine and pig AT, receptors, respectively, and 99 and 98% homology with the corresponding deduced protein sequences. Probing with this cDNA, we demonstrated that renal AT, mRNA expression did not change significantly during the last trimester of gestation in fetal sheep or immediately after birth but decreased significantly 10 d after birth. We also demonstrated that renal denervation in the fetus had no effect on renal AT, gene expression in 24-h-old newborn lambs. On the other hand, we observed in 130-d twin fetuses that a continuous intraperitoneal infusion (1 mL/h) of cortisol (3 mg/h or 6.2 p,mol/h) for 48 h in one of the twins increased the fetal plasma cortisol concentration from 32.0 + 7.1 to 1126 r 231 nmol/L and produced a significant decrease ( p < 0.005) in renal AT, gene expression compared with the control twin receiving an intraperitoneal infusion of 0.9% NaCl. In summary, this study demonstrates that renal AT, gene expression is elevated during fetal life and decreases after birth. It is also shown that glucocorticoids, but not renal nerves, contribute to the regulation of renal AT, gene expression during development. (Pediatr Res 36: 755-762,
distinct A11 receptor subtypes (AT, and AT,) (3, 9, 10) . The AT, receptor subtype is expressed early during embryonic life in the rat (11, 12) , predominates in the fetal mesenchyme (3), and shows a marked decrease in expression during fetal and postnatal maturation (3) . On the other hand, the AT, receptor subtype appears later during fetal development in the rat (3, 9, 10) and seems t o b e localized mainly in areas related t o blood pressure regulation and fluid homeostasis (3) . Recent studies in rats have also shown that the AT, receptor gene is expressed in the fetal kidney, liver, adrenal, and heart and that the expression of this gene is developmentally regulated (9, lo), in agreement with previous A11 radioligand and in situ receptor-binding studies (13, 14) ; no similar studies have been done in the sheep fetus. An AT, binding site has been characterized in a mouse cell line derived from neuroblastoma cells; the function of this binding site is presently unknown (15) .
Factors regulating the expression of AT, receptor during fetal life have not been investigated previously. Several lines of evidence suggest, however, that both glucocorticoids and renal nerves may be important modulators of renal AT, gene expression in the sheep fetus and during the transition from fetal to newborn life. Cortisol, which increases rapidly in fetal blood before delivery in sheep (16) , is known to influence the maturation of various systems in the developing fetus (17) and has been shown to induce the expression of AT, receptor gene in the adult (18) . Recent studies in sheep have also demonstrated that renal nerves are major contributors to the increase in PRA and renal renin gene expression at birth (19) -
The present study was therefore designed 1 ) to characterize the ontogeny of AT, receptor gene expression in the kidney of fetal and newborn sheep and 2) to determine the influence of both the glucocorticoid, cortisol, and renal nerves in modulating renal AT, gene expression during fetal life and during the transition from fetal to newborn life. To perform these studies, we also isolated and characterized a portion of the sheep AT, receptor cDNA sequence.
METHODS
Animals and surgical preparation. Studies were performed in fetal sheep and newborn lambs of Dorset and Suffolk mixed breeding, obtained from a local source. The gestational ages of the fetuses were based on the induced ovulation technique as previously described (20) Anesthesia and surgery of the ewe and fetus were performed as previously described (19, 21, 22) . Briefly, the ewe was fasted for 24 h before surgery and anesthetized using a mixture of halothane (I%), oxygen (33%), and nitrous oxide (66%). Under sterile conditions, the uterus was opened over the fetal hindlimbs. Polyethylene catheters were placed into the fetal femoral arteries and veins bilaterally. In some cases, surgery was performed on twin fetuses and additional catheters were secured in the peritoneal cavity of each twin.
In other studies, bilateral flank incisions were made and renal nerves were severed and stripped bilaterally from along the aorta, renal arteries, and veins. This was followed by careful application of 10% phenol in absolute alcohol to the renal plexus and surrounding area, as previously described (19, 21) . Sham-operated fetuses were submitted to the same surgical procedure except that the renal nerves were left intact and no phenol was applied. This technique of renal denervation decreases renal tissue norepinephrine content by 98% compared with intact kidneys (21, 23) .
At the end of surgery, the fetal incisions were closed and the fetus was returned to the uterus. Uterine and maternal abdominal muscles and maternal skin were closed in separate layers. All catheters were exteriorized through a subcutaneous tunnel and placed in a cloth pouch on the ewe's flank. Ampicillin sodium (Wyeth Laboratories, Philadelphia, PA) was administered to the ewe intramuscularly before surgery (2 g) and infused into the amniotic cavity after surgery (2 g). Pregnant ewes were returned to individual pens and allowed free access to food and water. The animals were allowed 4-5 d to recover from the surgery.
All procedures were performed within the regulations of the Animal Welfare Act and the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of Iowa Animal Care and Use Committee.
Experimental protocols. Animals were studied according to one of the following three experimental protocols. In a first series of studies, we determined the ontogeny of the kidney A11 type 1 receptor (AT,) during the fetal and neonatal periods in sheep. For these studies, pregnant ewes were anesthetized as previously described, and the uterus was exteriorized to gain access to the fetus. Samples of fetal kidney cortex were obtained at 90, 115, and 140 d of gestation (term = 145 d); five different fetuses were studied at each age for a total of 15 fetuses. Similar procedures were performed in anesthetized newborn lambs at 1 and 10 d of age (five different newborn lambs were studied at each age). After being removed, the kidney cortex was snap frozen in liquid nitrogen and stored at -70°C. Animals used in this series of studies were not used in other experiments.
In a second series of studies designed to determine the role of renal nerves on AT, gene expression at the time of birth, two groups of fetuses between 140 and 142 d gestation were prepared. One group of fetuses (n = 6) had renal denervation, whereas the other group (n = 5) had sham surgery. Anesthesia of the ewe and surgery of the fetus were performed as previously described (19, 21, 23) . After surgery, the ewes were kept in a restricted area, fed a standard diet, and allowed a 72-h recovery period. Before delivery, each fetus received a continuous i.v. infusion of 5% dextrose in water at a rate of 0.1 mL1min. After allowing a 60-min equilibration period, fetal heart rate, arterial blood pressure, and amniotic pressure were monitored during a 30-min period. Arterial blood (5 mL) was collected at the end of the 30-min period for determination of arterial pH, Pco,, and Po,.
After the fetal monitoring period, the pregnant ewe was brought back to the surgical suite, and the fetus was delivered by cesarean section performed under spinalepidural anesthesia using 10 mL of 1% lidocaine as previously described (24) . Immediately after birth, the newborn lamb was dried and placed under an overhead infant radiant warmer to keep body temperature at 39°C. The lamb was then returned to the laboratory, where it was placed in a harness and supported in a standing position. During the postnatal period, a continuous infusion of a solution of 10% dextrose, 0.2% NaCl, and 0.03 M KC1 was administered i.v. at a rate of 100 mLlkgl24 h. Arterial blood pressure and heart rate were monitored continuously during the first 24 h of life. Arterial blood (5 mL) REGULATION OF RENAL AT, GENE EXPRESSION 757 was collected at 1, 4, 8, and 24 h after birth. Newborn blood samples were replaced with blood collected from the fetal side of the placental circulation after the umbilical cord was cut at the time of the cesarean section, as previously described (24) .
After 24 h of postnatal life, newborn lambs were anesthetized as described, and both kidneys were removed, snap frozen in liquid nitrogen, and stored at -70°C. Physiologic results obtained from animals used in these studies have been published previously (23) .
In a third series of studies, we studied the effects of cortisol on the renal expression of AT, gene in 10 pairs of chronically instrumented twin fetal sheep at 130 d gestation. After a 72-h recovery period from surgery, one of each set of twins was given a continuous intraperitoneal infusion of cortisol (molecular weight 484.52) for exactly 48 h at a rate of 3 mglh (6.2 pmollh) (1 mL/h). The other twin served as the control and received an intraperitoneal infusion of 0.9% NaCl (1 mL/h). The infusions were carried out with portable peristaltic infusion pumps (Cormed, Inc., Middleport, NY) secured on the back of the ewe in pockets of a specially designed jacket that allowed the animals to move freely during the infusion.
Fetal arterial blood pressure, heart rate, and amniotic pressure were monitored in each twin fetus for 30 min before and at the end of the 48-h intraperitoneal infusion of cortisol. Fetal arterial blood from each twin fetus was taken before and 48 h after starting the cortisol infusion for determination of arterial pH, Pco,, Po,, and hematocrit, plasma cortisol and A11 concentrations, and PRA.
At the end of the infusion period, the ewes were anesthetized as described, the uterine cavity was opened, and kidneys from both fetuses were removed, snap frozen in liquid nitrogen, and stored at -70°C.
Analytical procedures. Arterial blood for pH, Pco,, and Po, was collected anaerobically in heparinized glass syringes, and measurements were immediately determined with appropriate pH, Pco,, and Po, electrodes at 39°C using an IL-1303 pH blood gas analyzer (Laboratory Instruments, Schaumburg, IL). Hematocrit was determined in duplicate using a micrometer caliper. RIA, previously established in our laboratory, were used to measure plasma cortisol (22) , plasma A11 (25) concentrations, and PRA (25, 26) .
Isolation of RNA. Total renal cortical cellular RNA was isolated using a modified isothiocyanate-CsC1 method as previously described (27) . RNA was quantified spectrophotometrically by absorbance at 260 nm. RNA samples were stored as an ethanol precipitate at -70°C until further analysis.
Isolation, characterization, and sequencing of AT, partial cDNA fi-om sheep kidney. A partial AT, cDNA clone was amplified by PCR from approximately 1 ng of cDNA after reverse transcription. Reverse transcription was performed with 1 p,g of total RNA from sheep kidney using an avian myeloblastoma virus reverse transcriptase (Boehringer-Mannheim, Indianapolis, IN).
PCR was performed using two specific primers prepared by a model 391 DNA synthesizer (Applied Biosystems, Foster City, CA) and derived from the first and sixth transmembrane domains of the bovine AT, receptor (28) . The sequence of primer 1 (antisense) was 5'-AAA AGT GAA TAT CTG GTG GGG A-3', which was defined by bp 762-783 (28) . The AT, primer 2 (sense) encompassed bp 114-134 (28) , and the sequence was 5'-CTT TGT GGT GGG GAT ATT TGG-3'. The conditions for PCR were 94°C for 1 min, 56°C for 1 min, and 72°C for 1 min for 35 cycles followed by a final extension period of 72°C for 3 min.
The 669-bp PCR product was gel purified (Qiaex, QIAGEN, Inc., Chatsworth, CA) and cloned into the plasmid vector pT7 Blue using the T-vector kit (Novagen, Madison, WI). The AT, partial cDNA was recloned into the SpeI and Q n I restriction sites of pBluescriptI1 SK-(Stratagene, La Jolla, CA), yielding the subclone PAT,. DNA sequencing was performed at the University of Iowa DNA Core Facility (Dave Moser, Director) on a model 373A automated DNA sequencer (Applied Biosystems) using vector and sequence-specific primers, Taq DNA polymerase, and fluorescent dye-labeled terminators. DNA and protein sequences were aligned using the program Bestfit from the Sequence Analysis Software Package of the Genetics Computer Group (29) .
Preparation of AT, RNA probe. The plasmid PAT, was treated with the restriction enzyme NdeI and then purified by phenol:chloroform:isoamyl alcohol (25:24:1) and ethanol precipitation. The resultant linear plasmid was used to generate a labeled antisense RNA probe using d - [ 3 2~ ]~~~ and T7 RNA polymerase (United States Biochemical, Cleveland, OH).
Preparation of 18s rRNAprobe. An 18s rRNA probe was also used to confirm equal loading and transfer of RNA. The 18s rRNA probe was prepared from an 18s cDNA clone corresponding to an 82-bp fragment of a highly conserved region of human 18s rRNA obtained from Arnbion, Inc., Austin, TX.
Northern blot hybridization. Aliquots of 5 pg of RNA were fractionated by formaldehyde-agarose gel electrophoresis (30) . After electrophoresis, RNA was transferred to a 0.45-pm Nytran filter (Schleicher and Schuell, Inc., Keene, NH). The filters were prehybridized for 1 h at 60°C in a solution of 50% deionized formamide, 5 x SSPE (sodium chloride-sodium phosphate and EDTA), 5 x Denhardt's reagent, 0.5% SDS, and 200 pg/mL denaturated sheared salmon sperm DNA. Hybridization of filters was carried out with fresh hybridization buffer solution containing 2 x lo6 cpm.mL-' of the radiolabeled AT, probe. The hybridization reaction was carried at 60°C for 12-18 h. Filters were then sequentially washed according to the manufacturer's specifications. This included three low-stringency washes (1 x SSPE, 0.5% SDS) at 68°C and a high-stringency wash (0.1 x SSPE, 0.5% SDS) at 65°C. Hybridization signals were detected and quantitated using an AMBIS 4000 Radioanalytic Imaging System (AMBIS, Inc., San Diego, CA). The AMBIS 4000 simultaneously images and quantitates the radioisotopic signal generated by 3 2~ on the filters. The Ambion 4000 system uses a detector consisting of 3 616 individual detector elements. These detector elements can detect both f3 and y emissions over a 20 x 20-cm area. Counts were recorded in 532 224 discrete detection points (data elements) from which a composite image was made and displayed on a color monitor so that regions of interest could be quantitated. Background counts above each lane were determined and subtracted from total counts generated in each region of interest to yield a net count value. In addition, the washed filters were exposed to Kodak XAR film at -70°C.
Southern blot hybridization. To test whether the sheep AT, gene was encoded in a single locus, genomic sheep DNA was isolated from sheep blood. Ten I J ,~ of DNA were digested with each of the following restriction enzymes according to the manufacturer (New England Biolabs, Beverly, MA): BamHI, BglII, EcoRI, HindIII, and PstI. The digested DNA was separated on a 0.7% agarose gel and visualized on a UV transilluminator after staining with ethidium bromide. The DNA was transferred to a nylon membrane (Hybond N+, Amersham Co., Arlington Heights, IL) by capillary action and immobilized on the membrane by UV cross-linking (Stratalinker, Stratagene). The partial cDNA probe of the sheep AT, gene was gel purified and random primed with digoxigenin. Labeling, hybridization, and detection were performed as suggested by the manufacturer (Boehringer-Mannheim).
Data anaZysis. For quantitation of mRNA abundance, all samples were analyzed together on a single Northern blot hybridization to control for day-to-day variations in hybridization efficiency. Northern blots were done in triplicate. Abundance of AT, mRNA was expressed as total net radioactive counts after subtracting background counts for each sample.
Comparisons among the different groups of animals were performed using one-way analysis of variance. When the analysis of variance indicated significant differences among groups, as calculated by the F statistic, the Duncan multiple comparison procedure was performed to determine significant differences between groups (31). Paired and unpaired t tests were also used to compare means between two groups. Statistical significance was defined as p < 0.05, and the results are presented as mean 2 SEM.
RESULTS
Isolation, characterization, and sequencing of AT, receptor partial cDNA from sheep kidney. The sheep AT, receptor partial cDNA sequence from nucleotide 114 to 783 is presented in Figure 1 and compared with corresponding AT, cDNA sequences from other species. This sequence is 99% homologous with bovine AT, (28), 94% with pig AT, (32), 92% with human AT, (33, 34) , 87% with rat AT,, (35) (36) (37) , and 86% with rat AT,, (35, 38) . The Figure 1 . Sheep AT, partial cDNA sequence from nucleotide 114 to 783 and interspecies comparisons. The percent homology between AT, partial cDNA sequence from sheep kidney and corresponding AT, cDNA sequences from other species is 99% with bovine AT, (28), 94% with pig AT, (32), 92% with human AT, (33, 34) , 87% with rat AT,, (35) (36) (37) , and 86% with rat AT,, (35, 38) . deduced amino acid sequence and the interspecies comparison of sheep kidney AT, receptor obtained from the AT, partial nucleotide sequence are presented in Figure   , -, The degree of sequence homologies between the sheep AT, partial cDNA and the other species (Fig. 1) ranges from 86 to 99% at the DNA level and from 93 to 99% at the amino acid level (Fig. 2) , indicating that primers derived from the bovine AT, sequence faithfully amplified the sheep AT, homologue. In addition, Southern analysis was performed on genomic sheep DNA with the 669-bp ATl partial cDNA as a probe. Only a single band was observed using several different enzymes, suggesting that the sheep ATl gene is encoded at a single locus (data not shown).
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Ontogeny of renal AT, mRNA expression in fetal and newborn sheep. Kidney total RNA from fetal and newborn sheep resolved by Northern blot and hybridized with a sheep-specific AT, cDNA showed one transcript corresponding to the cloned AT, cDNA (Fig. 3) . Renal ATl gene expression does not change significantly during the last trimester of gestation in fetal sheep (Fig. 3) . Twentyfour h after birth, ATl gene expression tended to increase further, but the increase was not found to be significant. A significant decrease in renal ATl gene expression was observed 10 d after birth.
Eflect of fetal renal denervation on renal AT, mRNA expression at birth. We postulated that fetal renal denervation, which blunts the increase in PRA at birth (19) , should produce an up-regulation of ATl gene expression. Contrary to our hypothesis, however, we found that fetal renal denervation produced no significant changes in renal AT, mRNA expression of 24-h-old newborn lambs (n = 6) compared with sham-operated control animals (n = 5) (Fig. 4) . Renal ATl mRNA expression expressed as As shown in Table 1 , plasma cortisol infusion had no significant effects on fetal arterial pH, Po,, and Pco,. A small but significant decrease in arterial pH was seen in control fetuses receiving 0.9% NaCl. PRA decreased significantly from 5.47 k 1.26 to 1.21 a 0.32 ng
in cortisol-treated fetuses (Table 1) . No significant changes in plasma A11 levels were observed in either control or cortisol-treated fetuses. Cortisol infusion had no significant effects on fetal heart rate or mean arterial blood pressure.
Northern blot hybridization demonstrated a significant (p < 0.005) decrease in renal AT, mRNA levels in treated fetuses (Fig. 5) . The 3 2~ net counts were significantly higher ( p < 0.005) in control fetuses (1072 a 72 net counts) than in treated fetuses (679 a 33 net counts) (Fig.   5 ). Hybridization to an 18s rRNA probe showed no significant differences between control (395 + 20 net counts) and treated fetuses (409 a 21 net counts), indicating similar RNA loading.
DISCUSSION
The present study demonstrates that renal AT, receptor mRNA expression does not change during the last trimester of gestation in fetal sheep and during the transition from fetal to newborn life but decreases to lower levels 1 wk after birth. Furthermore, this study shows that the expression of renal AT, receptor mRNA at birth is independent of changes in RSNA. Finally, we have observed that an increase in fetal plasma cortisol concentration to levels similar to the ones observed at the time of parturition (41) produces a decrease in renal AT, mRNA expression.
Previous studies in rats (9) have shown that renal AT, gene expression undergoes marked alterations during early development; renal AT, mRNA expression is higher during the fetal and newborn periods than during adult life in rats (9) . The present results confirm these findings and demonstrate that there is no change in renal AT, mRNA expression during the last trimester of gestation in fetal sheep. The developmental changes in the intrarenal distribution of AT, mRNA were not investigated in the present study. Previous studies in rats using in situ hybridization (9, 10) have shown, however, that specific hybridization signals for AT, receptor, including S-shaped body, are present in glomeruli at different maturation stages and localized to mesenchymal cells that contribute to the formation of the glomerular mesangium. AT, mRNA expression has also been observed in arteries of the inner cortex and in the medulla along tubular epithelial structures (9, 10) . To determine some of the mechanisms regulating the expression of renal AT, receptors during development in sheep, we first investigated the role of renal nerves. Because RSNA increases rapidly at birth (42) and renal nerves contribute to the increase in PRA and renal renin mRNA expression at birth (19, 23) , we postulated that renal nerves could also modulate renal AT, gene expression. More specifically, we speculated that the increase in RSNA and RAS activity at birth could activate a negative-feedback loop that may restrain the increase in renal AT, gene expression. Based on this hypothesis, one would predict that renal denervation should up-regulate AT, receptors and induce an increase in renal AT, gene expression. Contrary to our hypothesis, however, we observed no changes in renal AT, mRNA expression at birth after renal denervation. These results suggest that, contrary to the influence of renal nerves on PRA and kidney renin gene expression at birth (19) , an increase in RSNA during the transition from fetal to newborn life does not affect renal AT, gene expression. One may also speculate that the intracellular signal mediating A11 negative feedback on AT, gene expression is not fully developed at birth or that A11 is not an important modulator of AT, mRNA expression. Alternatively, A11 feedback could be reset at a higher level early during development, as previously suggested (9)-In another series of studies, we investigated the effect of an increase in fetal plasma cortisol concentration on renal AT, gene expression. We postulated that cortisol, which is known to increase rapidly before delivery (16) and to influence the maturation of various organ systems during fetal life (17) , may regulate the increase in renal AT, mRNA expression at birth. In support of this hypothesis, in vitro studies of vascular smooth muscle cells from adult rats have shown that dexamethasone increases the vascular sensitivity to A11 by potentiating inositol triphosphate (43) and induces the expression of AT, gene (43) . Contrary to these results in adult rats (43) , the present study demonstrates that an increase in fetal sheep plasma cortisol concentration to levels usually observed at birth (16) decreases renal AT, mRNA expression. Reasons for the differences between studies in adult rats (43) and the present results in fetal sheep were not investigated. Species differences and differential regulatory responses to glucocorticoid between adult and fetal animals could explain some of the differences observed. One may also speculate that the regulation of AT, gene expression by glucocorticoid is tissue and cell specific. Indeed, glucocorticoid has been shown to downregulate both AT, and AT2 receptors in pancreatic acinar cells (44) and to produce down-regulation of glomerular A11 receptor in rats (45) . Another possibility is that the decreased expression of renal AT, gene as a function of cortisol concentration is indirect and depends on factors interacting with specific DNA sequences on the glucocorticoid regulatory elements, as previously suggested (22, 46) . One may also speculate that developmental changes in the physiochemical nature of glucocorticoid receptors (47, 48) affect the hormonal responsiveness of certain genes during fetal life. Finally, it is possible that cortisol, which has both glucocorticoid and mineralocorticoid activities, stimulates different receptors than dexamethasone, which is a synthetic glucocorticoid without mineralocorticoid activity. Additional studies are needed to clarify these issues.
The present study also demonstrates that chronic infusion of cortisol decreases fetal PRA, as previously observed (49, 50) , without producing significant changes in plasma A11 levels. This absence of change in plasma A11 levels in the face of a decrease in PRA is somewhat intriguing. One may suggest that cortisol increases the production of angiotensinogen (renin substrate) to prevent changes in plasma A11 levels in face of a decrease in renin production. Previous studies in sheep, however, have shown that fetal cortisol infusion does not produce changes in circulating angiotensinogen (50) and is, in fact, associated with a decrease in liver angiotensinogen mRNA levels (22) , in contrast to previous findings in adults (51, 52 ). An alternative hypothesis would be that cortisol infusion in fetal sheep increases converting enzyme activity and consequently the rate of conversion of angiotensin I to AII, as previously suggested (53) . Finally, one may suggest that cortisol alters both plasma and tissue angiotensinases involved in the metabolism of AII. The present study, however, was not designed to test these hypotheses.
In summary, renal AT, gene expression does not change during the last trimester of gestation in sheep, but decreases postnatally. Changes in RSNA and in the activity of the RAS at birth do not seem to be important regulators of renal AT, gene expression. Contrary to previous findings in adult rats (43) , glucocorticoids decrease renal AT, gene expression during fetal life in sheep.
